Latest experimental results in the charmonium spectroscopy below DD breakup threshold are reviewed.
Introduction
Charm quark has large mass (∼1.5 GeV) compared to the masses of u, d, s quarks. Velocity of the charm quarks in hadrons is not too relativistic ((v/c) 2 ∼0.2). Strong coupling constant α s (m c ) is small (∼0.3). Therefore charmonium spectroscopy is a good testing ground for the theories of strong interactions: quantum cromodynamics (QCD) in both perturbative and nonperturbative regimes, QCD inspired purely phenomenological potential models, nonrelativistic QCD (NRQCD) and lattice QCD.
There are 8 bound states of charmonium below the DD breakup threshold (Fig. 1 ). These are spin triplets J/ψ(1 3 S 1 ), ψ(2S)(2 3 S 1 ), χ c0,1,2 (1 3 P 0,1,2 ) and spin singlets η c (1 1 S 0 ), η c (2S)(2 1 S 0 ), h c (1 1 P 1 ). Only J/ψ and ψ(2S) can be produced directly in e + e − annihilation. A lot is known about these triplet states. Spin singlet states population via radiative transitions from the vector states is either very weak (M1 transitions for η c (1S), η c (2S)), or C-forbidden (h c (1 1 P 1 )). Accordingly, little is known about these singlet states. The status of charmonium states below DD breakup threshold is summarized in Table I. The  masses and widths It is obvious from Table I that the parameters of spin-triplet states are measured with precision, and the number of measured decay channels is large (notice the marked improvements after 2004). This is not valid for spin-singlet states. A lot remains to be done for precision measurements of their parameters and decay channels.
Some new and recent experimental developments on charmonium spectroscopy below open flavor threshold will be reviewed.
Observation of η c (2S)
It is important to identify the spin-singlet states in order to determine the hyperfine, or spin-spin interaction, which is responsible for singlet-triplet splitting ofstates. Identification of η c (2S) is important to know the possible variation of spin-spin interaction from Coulombic (J/ψ, η c (1S)) to Confinement (ψ(2S), η c (2S)) regions of theinteraction. Most potential model calculations predicted M (η c (2S)=3594-3626 (MeV).
Prior to 2002 there were several unsuccessful attempts to identify η c (2S) in pp, γγ-fusion, inclusive photon analysis.
Finally, η c (2S) was first observed in B decays by Belle [1] . It was followed by its observation in γγ-fusion by CLEO [2] (see Fig. 2 left), and BaBar [3] . All available measurements of η c (2S) are summarized in Table II .
It is obvious that the spread in mass measurements is uncomfortably too large.
The PDG 2007 weighted average value of mass is M (η c (2S))=3637±4 (MeV). This leads to the hyperfine splitting ∆M hf (2S)=49±4 (MeV). The hyperfine splitting value for 1S states is ∆M hf (1S)=117±1 (MeV). Explaining large difference between ∆M hf (2S) and ∆M hf (1S) is a challenge for theorists. The width of η c (2S) is essentially unmeasured (PDG 2007 value is Γ(η c (2S))=14±7 (MeV)). Measurement of the width is a challenge to the experimentalists. The decay of η c (2S) is observed only in one decay channel, η c (2S) → K s Kπ.
A lot remains to be done about η c (2S). Attempts are being made to identify η c (2S) in the decay ψ(2S) → γη c (2S) from 54 pb −1 CLEOc ψ(2S) data. Thus, new results are expected from CLEOc. 
The observation and the measurement of the parameters of h c is important to determine the hyperfine splitting of P-states
, which is expected to be zero from the lowest order pQCD calculations.
Recently CLEO Collaboration has unambiguously identified h c in their data for 3 million ψ(2S) [6] . Data have been analyzed for the reaction ψ(2S) → π 0 h c , h c → γη c in both inclusive and exclusive studies. In inclusive analysis, photon energy or η c mass (recoil against π 0 γ) was constrained. In exclusive analysis seven known η c decay channels with a total branching fraction of ∼10% were measured. Results of inclusive and exclusive analysis are consistent. The final plot of the π 0 recoil spectrum from exclusive analysis is shown in Fig. 2 (right) .
The overall results are:
The conclusions are that a) the lowest order pQCD expectation ∆ hf (1P )=0 is not strongly violated, and b) the magnitude and the sign of ∆ hf (1P ) is not well determined.
The Fermilab E835 pp annihilation experiment has also claimed h c observation at ∼3σ level in the reaction pp → h c → γη c and reported ∆ hf (1P )=-0.4±0.2±0.2 (MeV) [7] .
CLEOc now has new data with 24 million ψ(2S) events, and a h c peaks with ∼250 and ∼1000 counts are expected in exclusive and inclusive analysis respectively, which will reduce the error on mass measurement more than a factor of two.
Measurements of the ψ(2S) Widths
Using pp annihilation to form charmonium cc states, Fermilab experiment E835 achieved unprecedented precision in measuring masses and widths of charmonium resonances. This happens due to taking advantage of stochastically cooled antiproton beams, with FWHM energy spreads of 0.4-0.5 MeV in the centerof-mass frame.
Recently new precision measurement of the ψ(2S) total width was performed from excitation curves obtained in pp annihilations from 1.64 pb −1 scan data in the ψ(2S) region, collected by E835 in 2000 [8] . The channels analyzed were pp → e + e − and pp → J/ψX → e + e − + X. New technique of "complementary scans", based on precise beam revolution-frequency and orbit-length measurements was used. Resonance parameters were extracted from a maximum-likelihood fit to the excitation curves. The total width of the ψ(2S) and the combination of partial widths were measured: Γ tot (ψ(2S))=(290±25±4) keV, Γ e + e − Γ pp /Γ tot =579±38±36 meV. These represent the most precise measurements to date (Fig. 3) .
BES has also measured recently the ψ(2S) total width using e + e − annihilation scan data in the ψ(2S) and ψ(3770) regions, collected by BES II in 2003 [9] (Fig. 3) . They have analyzed the channel e + e − → hadrons. Resonance parameters were extracted from simultaneous fit of cross section curves covering energy ranges of both ψ(2S) and ψ(3770) resonances: Γ tot (ψ(2S))=(331±58±2) keV, Γ ee (ψ(2S))=(2.330±0.036±0.110) keV.
Measurements of the J/ψ Widths
Using 281 pb −1 CLEOc ψ(3770) data and looking for radiative return events to J/ψ, CLEO has measured the widths of the J/ψ [10] . They selected µ + µ − (γ) events, each with a dimuon mass in the region of the J/ψ, and counted the excess over nonresonant QED production. Resulting cross section is proportional to Br µµ × Γ ee (J/ψ). Assuming lepton universality and dividing by CLEO's own measurement of Br ll =(5.953±0.056±0.042) [11] , they obtained Γ ee (J/ψ). Dividing once more by Br ll they obtained Γ tot (J/ψ): Br µµ × Γ ee (J/ψ)=(0.3384±0.0058±0.0071) keV; Γ ee (J/ψ)=(5.68±0.11±0.13) keV; Γ tot (J/ψ)=(95.5±2.4±2.4) keV. These represent the most precise measurements to date.
Measurements of the η c (1S) and χ c0,c2 (1P ) Parameters in Two-Photon Fusion Reaction
The masses and widths of the spin-triplet χ cJ (1P ) states are measured with high precision at Fermilab pp experiments E760/E835. But the mass and width of the spin-singlet η c (1S) state are known with only ∼1 MeV and ∼3 MeV precision respectively.
Using 395 f b −1 data sample accumulated with the Belle detector, measurements of the η c (1S) and χ c0,c2 (1P ), produced in two-photon collisions and decaying to four-meson final states (4π, 2K2π, 4K) were performed [12] (Fig. 4) . 
Mass and width of the η c (1S) and χ c0,c2 (1P )
The measured values of the mass and width of η c (1S) and χ c0,c2 (1P ), and the number of signal events used in analysis are presented in Table III . The values of the mass and width for χ c0 (1P ) and χ c2 (1P ) are consistent within errors with the previous high precision measurements. The precision of the measured mass and width of η c (1S) is comparable to other available precision measurements. 6.2. Two-photon widths of η c (1S) and χ c0,c2 (1P )
The two photon decay of the positive C-parity charmonium states in the lowest order is a pure QED process. The measurements of the two photon partial widths of these states can shed light on higher order relativistic and QCD radiative corrections.
The values of the two photon partial widths of η c (1S) and χ c0,c2 (1P ), evaluated from the measurements of the Γ γγ × Br by Belle [12] , are presented in Table IV The ratio R ≡ Γ γγ (χ c2 )/Γ γγ (χ c0 ) is an interesting quantity, because it allows us to evaluate the reliability of the first order radiative corrections, which are often very large, by calculating α s from them
The Belle value R=0.221±0.041 leads to α s =0.098±0.085, which is obviously underestimate of α s (m c ), which is known to be ∼0.3. This makes questionable the reliability of nearly 50% first order correction factor for Γ γγ (χ c2 ). 
Summary
All Charmonium states below open flavor threshold have now been firmly identified.
The spectroscopy of spin-triplet states is now well in hand, but a lot still needs to be done for spinsinglet states. Masses, widths, particularly of η c (2S) and h c (1 1 P 1 ) need to be better determined. Many more decay channels need to be investigated for each.
A large number of investigations, based on the world's largest sample of ψ(2S) acquired by CLEOc, are currently in progress, and results are expected soon. These include: -Precision results for mass, width and branching fractions of h c (1 1 P 1 ); -Results for many decay channels of η c (1S); -Results for attempt to identify η c (2S) in radiative decay of ψ(2S); -Results of studies for pp threshold enhancement in radiative decays of J/ψ, ψ(2S); -Results of search for tensor glueball, ξ(2230); -Hadronic and radiative decays of ψ(2S) and J/ψ; -Two-body and multi-body decays of χ cJ (1P ) states, and others.
